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CHAPTER 1. INTRODUCTION

Research Objective

The objective of the research reported herein was to identify the design features of
specific pavement types that lead to good performance and those that lead to poor
performance, using data from the Long-Term Pavement Performance (LTPP) test
sections. Research results from other analyses of LTPP data were also to be considered
in these studies. Knowledge about the design features identified as being critical to
pavement performance will contribute to improved guidelines for the design and
construction of long-lived Portland Cement Concrete (PCC) pavements.

Research Approach

The LTPP Program includes over 269 PCC General Pavement Studles (GPS) sections for
which data have been collected since 1989. Many of these sections are exhibiting very
little distress. However, lack of distress is not necessarily an indicator of good
performance, because lack of distress may possibly be due to young age, mild climate,
an over-designed pavement section, or low traffic. As a simple example, transverse
joint faulting of 2 mm might indicate poor performance for a jointed concrete pavement
2 years old, but 3 mm or more might be considered good for a jointed concrete
pavement 20 years old. Therefore, it was necessary to establish appropriate criteria to
identify if certain pavement sections are exhibiting exceptionally good performance.
Similarly, it was necessary to establish criteria to identify if certain pavement sections
are exhibiting poor performance.

Since these criteria did not exist, the approach adopted was to convene a panel of
selected experts to decide what expectations should apply over a period of 20 years;
that is, what should be considered good, normal, and poor performance for specific
distress types associated with each pavement type. This approach and the resulting
criteria are discussed in chapter 2.

Once the criteria were established, the sections were divided into data sets containing
good, normal, and poor performers for each pavement type—jointed plain concrete
pavement (JPCP), jointed reinforced concrete pavement (JRCP), and continuously
reinforced concrete pavement (CRCP)—and key distress type. For some of the
analyses, the normal performers were combined with either the poor or good sections
because thete were not an adequate number of sections in a particular performance
group. As an example, for the t-test comparisons, there were good and normal/poor
performing pavement data sets for each of three distress types for JPCP, two for JRCP




(faulting combined with JPCP), and two for CRCP. This amounted to seven data sets
available for analysis.

The analyses conducted to identify the common characteristics of good and poor
performing pavements are described in chapter 3, and the results are described in
chapters 4 through 9 by distress type and pavement type.

In summary, the research effort consisted of the following tasks:

Establish criteria.

Identify test sections.

Perform analysis.

Document results in a technical report.

Specific site conditions and design/construction features leading to good and poor
performance of each pavement type are discussed in chapter 10. A summary of the
results and recommendations for continued study appear in chapter 11.



CHAPTER 2. PERFORMANCE CLASSIFICATION CRITERIA |

The concrete pavement test sections in the LTPP GPS vary widely in age since
construction and in traffic experienced. The classification of these test sections as good,
normal, or poor performers required criteria for establishing boundaries with time as to
expectations for different distress types and types of pavements. As mentioned in
chapter 1, the approach for developing these criteria or boundaries was to convene a
panel of experts and arrive at consensus decisions. This expert panel was convened
December 16-17, 1996, and consisted of four experts from State highway agencies
(Florida, Arizona, Kentucky, Illinois), four FHWA pavement experts, and one
consultant that had retired from the Virginia DOT. The range of years of experience in
pavement engineering of this group was 5 to 35, with a mean of 15 years.

Approach for Developing Performance Classification Criteria

A proposed procedure for establishing the criteria had been developed and was
furnished to the group of experts for their consideration. This approach centered
around a graphical approach involving plotting the boundaries between the three levels
of performance (good, normal, poor) for each distress type versus age since
construction. Although pavements are designed for some level of cumulative
equivalent smgle axle loads (ESALs) at a given reliability over a given design period (or
“age”), age since construction was selected as the primary scalmg variable for the
following reasons:

e Itappeared too difficult to ask engineers to think in terms of both ESALs (at a given
reliability level) and design life or age.

® The cumulative ESAL estimate in the current LTPP data base is approximate, but
age is very accurate.

® Since pavements are designed for a certain number of load repetitions over a design
period, it appears more straightforward and understandable to ask an engineer to
rate performance only over a design period. The performance of a pavement then
can be rated either good, normal, or poor over a time period of 20 years. Three
rating groups were used based on the preference of the panel.

Blank graphs were provided on paper and transparencies for the use of the panel in
their deliberations. Other plots were furnished for each distress type that included the
actual LTPP data available. These plots provided some guldance as to the ranges of
distress existing in the LTPP test sections.

I



After considerable discussion for an individual distress type and the functional shape of
a graph of distress versus time, each individual drew in the two boundaries for the
three types of concrete pavements. These boundaries were then plotted on a
transparency, projected, and discussed in detail. The panel then reached a consensus on
the specific boundaries for each of the three types of pavements for an individual
distress. There appeared to be reasonable agreement, with no seriously divergent
opinions.

Performance Classification Criteria

The consensus good and poor boundary conditions for the three PCC pavement types
and key PCC distress types appear in figures 1 to 4. These plots, superimposed with
actual LTPP data points, are presented and discussed in subsequent chapters. It should
be noted that the data points represent individual observations rather than overall
performance of individual test sections. Stated differently, time-sequence information
is included such that a single test section can have several observations over a period of
time. This appeared to the research team to be by far the most logical manner to
include the time-sequence information.

It should be noted that the expectations of the panel for concrete pavements resulted in
only one set of criteria and did not separate interstate pavements and non-interstate
pavements as was done for Asphalt Concrete (AC) pavements, since there were not
enough PCC pavement sections. In fact, for all t-test comparisons given in chapters 4 to
9, the sections are divided into two groups by combining either poor and normal or
good and normal sections so that a sufficient number of sections exist in each group.

The primary input by the panel (their choice) was magnitudes of distress at 20 years;
initial roughness levels were also considered. The shape of the curves was discussed,
but the panel elected to leave the connection of the selected points to the experience of
the research team.

The review of the spalling data indicated that very few sections exhibited more than
5 percent of joint length spalled. On the basis of this finding, the expert panel
recommended that analysis of joint spalling data not be pursued as it was not
considered significant.
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CHAPTER 3. SELECTION OF ANALYTICAL TECHNIQUES

Various statistical approaches are available to study the characteristics unique to good
and poorly performing pavements. In addition, considerable value was found from
visually examining the data to observe a variety of patterns and trends. The statistical
techniques included bivariate tools such as t-tests, F-tests, Fisher’s exact tests, chi-
square tests, and maximum-likelihood chi-square tests, as well as multivariate tools like
regression, principle component analysis, factor analysis, and discriminate analysis.
Results from other studies were considered and brought into the overall summary of
findings to help ensure that any characteristics identified as contributing to good or
poor performance had strong support.

Performahce Classification of Observation Points

Before the examination of the characteristics of the variables, each LTPP test section had
to be classified according to its performance: good, normal, or poor. This was done
with respect to the boundaries defined by the panel of experts as described in chapter 2.
The performance classification was carried out for each observation and distress
type/pavement type. It should be noted that observations for a test section could fall
in one data set at one point in time and another at some other point in time. However,
the latest point in time was selected for the analysis. Similarly, observations for a test
section could fall in one performance class for one distress and another for a different
distress.

Selection of Statistical Methods

Following the performance classification of each observation point, the data bases were
examined to decide whether characteristics existed that differentiate good from poor
performance. Again, since there were limited PCC sections, the normal group was not
excluded from the analysis, but combined with either the good pavements or the poor
pavements, depending on the number of data points available, to balance the number of
sections in both groups.

Bivariate Analysis

The following tests were used for the bivariate analysis: t-tests, F-tests, Fisher’s exact
tests, chi-square tests, and maximume-likelihood chi-square tests. These tests (except for
the F-test) compared the mean of each variable in the good group to its mean in the
poor group. Those variables with significant differences, relative to the number of



points and the variation of the data available, might be indicative of good and poor
pavement performance.” a

The t-tests used an estimate of the standard deviation based on separate group
estimates. This allows for differences in the group variances. A necessary assumption
for the t-test is that the sample means are approximately normally distributed. Hence,
this test was used for those independent variables that were reasonably well behaved.
It was not used for discrete (0,1) variables such as base type or subgrade type. The test
works by taking the ratio of the difference between the two group means to an
appropriate estimate of standard deviation of this difference. If this ratio is large, then
the group means differ a great deal for data with this much variability. Hence, it is
concluded that this difference is due to something other than chance. If the ratio is
small, then it is concluded that the difference could be due to chance—we cannot be
confident that the difference is a real one.

The F-tests compare the variabilities of the two groups and are considered significant
for p-values less than 0.05 or greater than 0.95.

For the discrete (0,1) variables, the Fisher’s exact tests, chi-square tests, and maximum
likelihood chi-square tests were used to compare the proportions of the two groups.
The Fisher’s exact test calculates the exact probability of observing this realization or
something more extreme under the assumption that the proportions are equal. If the
test is significant, the observed difference in the sample proportions is not due to
chance. This probability is the ratio of combinatorics, so it is not available for large
sample sizes. For large sample sizes, the chi-square and maximum likelihood chi-
square tests provide approximate probabilities under the assumption that the
proportions are equal.

The main downside of bivariate tests is that they do not take into account the effects of
other variables. The confounding effects of other factors can inflate or deflate the
results. This was a significant problem with some of the analyses and led to the
necessity of conducting multivariate tests. For example, if those JPCP sections
identified as performing good in roughness had a significantly thicker slab than those
JPCP sections identified as performing poorly, then it would be tentatively concluded
that a thicker PCC slab contributed to good performance of JPCP roughness. Of course,
this conclusion is filled with potential risks because of other variables that may be
correlated with thickness. Thus, the results of other studies, particularly mechanistic
studies that explain why a thicker slab might result in smoother JPCP, must be
considered in the analysis. ‘



Multivariate Tools

The t-tests and other bivariate analyses mentioned above do not take into account the
interactions of the different variables and their effects on performance. For example, it
could be that joint load transfer design together with thick slabs is the cause of the good
performance of JPCP. The t-tests will not isolate the effect of either of these variables on
performance. The only way this can be accomplished is through multivariate analyses
to learn more about the interrelationships of the variables. This study considered
regression, principle component analysis, factor analysis, and discriminate function
analysis.

Regression and stepwise regression were used in an exploratory manner to identify
promising combinations of variables. For the standard regression models, the adjusted
R-square indicates the amount of variability in the response that is explained by the
model after adjusting for the number of parameters. The F-test indicates if the model is
useful for estimating the response. Efforts were made to find regression models that
had the least amount of collinearity. Cook’s distance was also used to identify
influential points. If any observations significantly altered the parameter estimates,
then the model was refit without the points and the two models were compared.

In chapters 4 through 6, a stepwise regression with F-In = 2 and F-Out = 1.9 was used to
provide a starting point. The technique suggested one possible model and compared
the other variables to this model. The redundancy tables provide R-squares, partial
correlations, and semipartial correlations for the variables in and not in the model.
These statistics are based on regressing each variable onto the variables in the model.
Those variables in the model are regressed on the remaining variables in the model.
The R-square is a measure of the fit of this regression. The semipartial correlation is
found by a second regression of the residuals from these regressions on the raw y
values. The partial correlation is found by regressing these first residuals onto the
residuals created by regressing y onto the variables in the model. A small semipartial
correlation with a relatively large partial correlation is indicative of a promising
variable. :

Another guide for selecting variables is the correlation matrix. This matrix contains
estimates of the pairwise correlations for two groups of variables. Also included is the
p-value, which indicates if the estimate is significantly different from zero.

One common issue with data collected from a sample is collinearity, which refers to
strong correlation among some independent variables. This can be thought of in two
ways: one group of variables is nearly a linear function of another group, or as a
restricted sample space containing only certain combinations of values of the variables.
‘Models based on collinear variables have a few drawbacks. Collinearity inflates the



variance of the regression coefficients, the coefficients are not valid outside the sample
space, and the coefficients. might not be interpretable. Usually it takes very strong
correlation before the effects of collinearity are harmful.

Scatterplot of PRECIP and WETDAYS
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Figure 5. IRI as a function of PRECIP and WETDAYS.

As an example, consider modeling IRI as a function of PRECIP and WETDAYS (in the -
GPS 5 data set). Figure 5 shows that PRECIP and WETDAYS are highly correlated.

The estimated pairwise correlation for these two variables is 0.6416, and this is
significantly different from zero. As you can see in the graph, some combinations of
these variables were not observed. Large values of PRECIP with small values of
WETDAYS and small values of PRECIP with large values of WETDAYS are not present.
Hence, a regression model using both of these variables will be extrapolating for any
new sections that have an unobserved combination of PRECIP and WETDAYS. For this
situation it is unlikely to observe new sections that do not fall into this sample space.

Principal components analysis was used to address the collinearity problem when
analyzing the faulting data. This tool is useful for decomposing a set of k variables into
k orthogonal components that capture the cumulative variability of these variables in k
dimensions. Each principal component (factor) is a linear combination of the variables
that is independent of the other factors. Factor 1 is the linear combination with the most
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variability; factor 2 is the linear combination that has the most variability of those linear
combinations that are orthogonal to factor 1. Factor 3 is the next linear combination
with the most variability of those linear combinations that are independent of factors 1
and 2. The later factors explain less and less of the variability. From these principal
components, the variables that are correlated with the same components and how much
variability these components explain can be noted.

- Once the number of variables is narrowed down, a small set of variables can be put into
a regression model. This type of model is helpful for thinking about the way the
variables interrelate. All the models were developed from the data, so the statistics can
only be interpreted in a descriptive or exploratory manner.

Principal components were used from a factor-analysis perspective as well. In this case,
the principal components represent underlying sources of variability. Then these
components are used to imitate the underlying effects within regression models.

Discriminate function analysis is a technique for finding functions of the explanatory
variables that fit the groupings provided. Given two or more observed groups, this
technique finds a function of the explanatory variables which nearly partitions the most
extreme group from the rest. Then the algorithm continues finding functions that
partition the remaining groups. By looking at the resulting classification functions, we
can try to understand the basis for group membership.

Summary

Results from the visual observations, the bivariate tests, the multivariate analysis, and
previous studies were combined to identify site conditions and design/construction
features that may be expected to lead to good or poor performance of concrete
pavements. Chapters 4 through 9 show the results of these analyses.
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CHAPTER 4. PERFORMANCE OF JPCP IN ROUGHNESS

Roughness is an extremely important characteristic of a pavement’s performance.
Pavement roughness greatly affects ride quality, safety, and vehicle operation costs,
which are very important to the traveling public. Sayers and Gillespie define road
roughness as "the variation in surface elevation that induces vibrations in traversing
vehicles."® Roughness is caused by two general sources: surface irregularities that are
built into a pavement during construction and surface irregularities that develop after
construction due to traffic, climatic, and other factors.

One measure of pavement roughness provided in the LTPP data base is the
International Roughness Index (IRI), established in 1986 by the World Bank. A
pavement’s IR is calculated from the longitudinal road profile and is reported in units
of inches/mile or meters/kilometer. IRI has been shown to correlate with the present
serviceability rating (PSR), which is a subjective user rating of the existing ride quality
of the pavement.® As such, IRI can be used as an approximate user response to
pavement condition. The objective of this analysis was to examine in a practical way
the LTPP data base and identify the site conditions and design/construction features
that significantly affect JPCP roughness as measured by IRI.

Previous Studies

Performance of JPCP with respect to roughness has been investigated in several studies.
Two IRI models were developed in the early LTPP Data Analysis Study.”’ The model
developed for doweled JPCP is as follows:

IRI = 1.671 + 0.683
KSTATIC

AGE ] + 0114 JTSPACE + 000443 HPCC + 0.213 EDGESUP (1)

where

IRI = International Roughness Index, m/km

AGE = pavement age, years

KSTATIC = FWD backcalculated modulus of subgrade reaction
(divided by 2), kPa/mm

JTSPACE = joint spacing, m

HPCC = PCC slab thickness, mm

EDGESUP =

edge support ( =1 if tied PCC shoulder; =0 otherwise)
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This model predicts IRI as a function of site conditions and pavement design features.
Age is positively correlated to IRI; that is, an increase in age corresponds to an increase
in IR This is reasonable because pavement distresses that increase the roughness of the
pavement generally tend to increase with age. Also, pavement features such as
subgrade k-value, joint spacing, and PCC slab thickness have a logical influence on the
IRI. Note that the apparent effect of PCC tied shoulders may not be correct in that there
may have been errors in the early data base regarding shoulder type.

The model developed for non-doweled JPCP is as follows:

IRI = 0.613+0.203 CESAL+0.00350 FT+9.32x107* PRECIP ()
- 0.173 BASE - 0.216 SUBGR

where
IRI = International Roughness Index, mm/km
CESAL = cumulative 80-kN equivalent single axle loads (ESALSs), millions
FT = mean annual air freeze-thaw cycles
PRECIP = mean annual precipitation, mm
BASE = 1 =stabilized material, 0 = unbound granular material
SUBGR = 1 = coarse-grained (AASHTO A-1, A-2, or A-3)

0 = fine-grained (AASHTO A-4, A-5, A-6, or A-7)

IRI is predicted as a function of site conditions and pavement design features. CESAL is
positively correlated to IRI; that is, an increase in the number of 80-kN ESAL
applications corresponds to increased IRI. This is reasonable because distresses that
increase the pavement roughness generally increase as more axle loads are applied to

- the pavement. The pavement foundation conditions, base and subgrade type, and
climatic variables such as the number of freeze-thaw cycles and precipitation also have
a logical influence on predicted IRL

A recent study utilizing the LTPP data base developed the following IRI model for
doweled and non-doweled JPCP as a function of site conditions and design features:®

IRT = 1.303 +0.0158 KESAL*(0.01 WETDAYS + 0.72 FREEZE)
+0.0158 AGE"#(0.0091 FI + 2.27*107 EPCC - 3.5 SUBGR - 0.121 DOWDIAM)  (3)

where
IRI = International Roughness Index, m/km
KESAL = cumulative number of ESALs, thousands
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AGE pavement age, years

FI = freezing index, degree days below freezing
EPCC PCC slab elastic modulus, kPa

DOWDIAM = dowel diameter, mm

I

SUBGR = subgrade type; 1=coarse-grained, 0=fine-grained
WETDAYS = number of days on which precipitation is greater than 12.7 mm
FREEZE = LTPP climatic zone, 1=freezing climate, 0=nonfreezing climate

In a recent study utilizing the FHWA data base, a prediction model for IRI of JPCP
indicated that IRI could be predicted as a function of visible distress, including joint
faulting, spalling, and transverse cracking.”? The model is shown below:

IRI? = (24805 + 41.2 * FaultTT + 458.5 * Spall + 0.00233* T-crack®)/10° 4)
where
IRI = International Roughness Index, m/km
FaultTT = total joint faulting per km, mm/km
T-crack = amount of transverse cracking, number of cracks/km
Spall = percentage of the joints spalled medium-high severity

This model permits indirect investigation of the effect of the design features and site
conditions on IRI through their effect on the individual distresses characterized by the
corresponding prediction models. :

Table 1 summarizes the site conditions and design features that were included in these
prediction models. With one exception, all of the design/construction features and site
conditions from the multivariate studies agree in the direction of their effect on IRI
(such as precipitation, where IRI is higher on those JPCP subjected to higher amounts of
annual precipitation). The only disagreement is in the effect of slab thickness. The
early analysis of LTPP data and the FHWA study show that the IRI is lower for those
JPCP with thicker slabs, as it should logically be due to faulting and cracking impacts.
The recent LTPP model indicates the opposite. It is possible that thicker slabs are built
rougher; however, a subsequent analysis of the initial roughness in initial IRI did not
verify this.

Note that the effect of the initial IRI after construction was not directly included in
these studies. A major research study was just completed that determined that the
future roughness of a pavement was highly dependent on its initial, as-constructed
roughness. Prediction models for many projects, including JPCP, were developed for
future IRL®
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Table 1. Summary of the effects of site conditions and design features on IRL

Effect on IRI Over Life
Site Condition/ (given an increase in site
Design Feature condition/design feature) References
—_— =
Pavement age Increases * 1,2,3
Subgrade k-value Decreases 1
Joint spacing Increases 1
PCC slab thickness Decreases 1,2,3
Increases
Tied shoulder Increases 1 (data problem on
shoulder type)
Widened lane Decreases 2
Traffic (ESAL) Increases 1,2
Stabilized base Decreases 1,2
Coarse subgrade Decreases 1
Precipitation Increases 1,23
Number of freeze-thaw Increases 1
cycles
PCC Flexural strength Decreases 2
PCC Modulus of Elasticity Increases 3
Freezing Index Increases 2,3
Initial Roughness Increases 4

* For example, as pavement age increases, IRI increases. As k-value increases, IRI decreases.
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Performance Criteria for IRI

This section presents an analysis of the site conditions and design/construction features
that lead to roughness of JPCP based on the IRI measurements from the LTPP data
base. The version of the LTPP data base analyzed in this study contains IRI data for 121
JPCP sections. The total number of observations is 485. For some sections, time series '
data contain up to 10 observations made over 5 years. Other sections have only one
performance record in the data base.

The data was divided into three performance categories, poor, normal, and good, based
on IRI and pavement age as previously described. This grouping was done to facilitate
the analysis of identifying features that contribute to good and poor roughness. This
grouping was established based on the experience of a group of State highway
engineers. The limits that were set are shown in figure 6. The pavement section was
cconsidered to be performing good (i.e., better than expected) if its IRI satisfies the
following condition:

IRI < 0.631 + 0.0631% AGE | 5)
where
IR = International Roughness Index, m/km
AGE = pavement age at the time of the observation, years.

The pavement section was considered to be performing poor if its IRI satisfies the
following condition: '

IRI < 1.263 + 0.0947* AGE (6)
where
IRI = International Roughness Index, m/km
-AGE = pavement age at the time of the observation, years.

Figure 6 presents a plot of all IRI observations for the LTPP JPCP sections and shows
designation of those sections by their performance at the time of observation. Because
the number of observations differs among the sections, the use of all these observations
in the subsequent analysis may make it biased toward the sections with a higher
number of observations. To avoid this, only the last observation for each section was
considered in the analysis if not stated otherwise. Figure 7 presents a plot of all JPCP
sections with respect to IRI at the time of the last available observation.
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Figure 6. IRI for JPCP including all time-series data.
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Figure 7. IRI for JPCP (last IRI observations only).
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Factors Considered for IRI

The géneral types of factors affecting the IRI of JPCP include site conditions and design
and construction features. The factors studied in this analysis include those found to be
significant from previous studies and others based on engineering experience:

» Site Conditions

o Geographic/climatic location
- Latitude
- Longitude

o Temperature factors
- Freezing index
- Freeze-thaw cycles
- Mean annual temperature
- Minimum annual temperature
- Maximum annual temperature
- Number of days warmer than 32°C per year
- Number of days colder than 0°C per year

o Precipitation factors B
- Average annual precipitation
- Average number of wet days per year

o Subgrade soil »

o Traffic (ESAL)

¢ Design and Construction Features
o Slab thickness
o Concrete properties

- Modulus of elasticity

- Modulus of rupture

Joint spacing

Base type

Dowels

Drainage coefficient

Initial as-constructed roughness

© 00 00

Comparative and Statistical Analysis of IRI
Two general types of analyses were performed: a visual comparative analysis and a

statistical analysis. Comparative analysis includes visual trend analysis of plots with a
distribution of pavement sections by their performance as a function of those factors,

19



and a comparison of average values of those factors for different groups of pavement
sections. The reader can observe the plots and evaluate the graphical results.

Statistical analyses conducted include the bivariate t-test and, in some cases,
multivariate analyses to identify those site conditions and design features that
contribute to good and poor roughness performance. The JPCP section data were
partitioned into two groups based on IRI: those that fell into the good /normal group
and those that fell into the poor group (note that the good /normal group will
subsequently be called the good group for convenience). The normal group had to be
used in the analysis due to the limited number of sections.

The t-test was then used to compare the mean of each variable in the good group to its
mean in the poor group. The test works by taking the ratio of the difference between
the two group means to an appropriate estimate of standard deviation of this
difference. If this ratio is large, then the group means differ a great deal for data with
this much variability. Hence, it would be concluded that this difference is due to
something other than chance. If the ratio is small, then we conclude that the difference
could be due to chance—the analysis cannot be confident that the difference is a real
one.

As an example, JPCP performing good with respect to IRT had a 51gn1f1cant1y higher
elastic modulus base than for JPCP performing poor.

E(base) for good IRI group = 3,784,381 kPa, n = 101

E(base) for poor IRI group = 1,343,550 kPa, n = 18

t-value = -2.60, df = 117 _

Level of significance = 0.010 (the probability is less than 0.01 that this has occurred
due to chance). Note that a level of significance of 0.05 was considered to be
significant in the discussion below.

Figure 8 show the means of base modulus. Based on these results, it was concluded that
JPCP with higher modulus of the base had a lower IRI. However, note that the

t-tests are one-dimensional tests that do not adjust for the effects of other
variables—collinearity. Other variables could possibly be causing the above effect, a
variable that correlates strongly with base modulus. This collinearity can only be
considered through further rigorous statistical analysis, which is not within the scope of
this study.

Table 2 provides a summary of all the t-values for each comparison made for

- continuous variables. Table 3 provides a summary of chi-squared tests for discrete (0,1)
variables for IRI (JPCP). These will be referred to during the following presentation.
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Figure 8. Effect of average elastic modulus of base on JPCP IRI performance

In addition, two-dimensional plots of IRI with respect to different parameters were
analyzed, and a comparison of mean values of those variables for good, normal, and
poor sections was performed. Although the results of this analysis are of great interest
because they highlight the most significant trends in pavement roughness, they must be
considered with caution because of the possibility of misleading conclusions as a result
of confounding effects of other factors. ‘
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Table 2. Results of t-tests for JPCP IRI performance (continuous variables).

po | oo |22 | | [V e | sape | sape | Enn |

Fl 716.536 313.324 3.492 19.471 0.002 17 101 453.111 356.333 1.617 0.156
FT 91.556 75911 1.842 26.652 0.077 17 101 30.700 41.000 1.782 0.189
PRECIP 854.964 805.866 0.634 27.702 0.531 17 101 276.860 386.080 1.943 0.132
WETDAYS 136.790 110.125 3.286 24.183 0.003 17 101 30.100 35.600 1.395 0.458
LONG 86.611 96.777 -3.313 27.981 0.003 18 103 11.500 14.800 1.671 0.227
LAT 42.167 38.330 3.275 26.208 0.003 18 103 4.400 5.300 1.419 0417
TMAX 14.251 19.450 -4.481 23.784 0.000 17 101 4,333 5.000 1.331 0.529
TMIN 2.604 6.309 -3.188 22.877 0.004 17 101 4.389 4.778 1.186 0.732
TMEAN 8.428 12.879 -3.901 23.202 0.001 17 101 4,278 4.778 1.238 0.652
DAYS32: 12.347 40.859 -5.624 | 42.101 0.000 17 101 16.100 32400 4.048 0.003
DAYS0 142.437 94.055 3.873 25.848 0.001 17 101 45.500 58.600 1.657 0.251
JTSPACE 4.861 5.108 -1.347 40.670 0.185 18 103 0.610 1.128 3.383 0.006
SKEW 0.432 0.437 -0.064 | 25.680 0.949 18 103 0.274 0.336 1.343 0.500

{ DOWDIAM 8.661 11.760 -0.822 23415 0.420 18 103 15.240 15.240 1.011 1.000
" KESAL 3911.600 5776.195 -1.555 31.815 0.130 15 87 3738.000 6635.300 3.151 0.019
" HPCC 240.741 239.370 0.171 22.899 0.866 18 103 30.480 30.480 1.071 0.784
" MR28 4826.631 4667.741 1.478 28.517 0.150 18 103 399.620 527.774 1.746 0.190
EPCC 27419.106 27158.873 0.590 43.564 0.559 18 103 1454.655 2821.498 3.762 0.003
EBASE 1343.550 3784.384 -3.427 32.388 0.002 18 101 2554.962 3822.030 2.238 0.061
Cy 0.872 0.996 -3.314 24344 0.003 18 103 0.100 0.200 1.148 0.782
KSTATIC 36.672 45.738 -1.216 21.127 0.238 18 103 29.947 24.413 1.506 0.215
JTWIDTH 8.585 9.169 -0.571 18.744 0.574 16 74 5.080 2.540 1.809 0.099
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Table 3. Results of chi-square tests for JPCP IRI performance.

Pearson Chi-square Maximum Likelihood Chi-
Variable A
Chi-square p Chi-square
Dowels 0.941 0.332 0.976 0.323
GRANBAS 11.590 0.001 11.697 0.001
ACBASE 3.676 0.055 4683 | 0.030
CEMBASE 0.206 0.650 0.215 0.643
LEAN 2.992 0.084 5.189 0.023
SUBGR 1.092 0.296 1.115 0.291
WW - 4.318 0.038 5.052 0.025
WD 2.328 0.127 4.090 0.043
CwW 8.945 0.003 8.550 0.003
COLDDRY 0.000 0.992 0.000 0.992
TEXT1 3.052 0.081 2.900 0.089
TEXT2 0.002 0.965 0.002 | 0.965
TEXT3 0.109 0.741 0.117 0.732
TEXT5 4.665 0.031 3.505 0.061
TEXT7 6.232 0.013 4.476 0.034
DRTYP1 0.019 0.890 0.019 0.890
DRTYP2 0.586 0.444 0.554 0.457
SEAL1 6.260 0.012 5.518 0.019
SEAL2 0.003 0.958 © 0.003 0.958
SEAL3 1.019 0.313 1.126 0.289
SEAL4 0.711 0.399 0.736 0.391
SEALS 1.003 _0.317 1.789 0.181
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- where

Dowels
GRANBAS
| ACBASE
CEMBASE
LEAN
SUBGR |

WwW

WD
CW

COLDDRY

TEXT1

= 1, if dowels present
=0, if no dowels

=1, if granular base present
=0, otherwise

=1, if asphalt stabilized base
present :
=0, otherwise

=1, if cement treated base present
=0, otherwise

=1, if lean concrete base present
=0, otherwise

=1, if subgrade is coarse-grained
~soil
=0, otherwise

=1, if a climate is warm-wet
=0, otherwise

- =1, if a climate is warm-dry

=0, otherwise

=1, if a climate is cold-wet
=0, otherwise

=1, if a climate is cold-dry
=0, otherwise

=1, if tine is used to texture
concrete
=0, otherwise

TEXT2

TEXT3

TEXT5

TEXT7

DRTYP1

DRTYP2

SEAL1

SEAL2

SEAL3

SEAL4

SEALS5
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=1, if broom is used to texture
concrete surface
=0, otherwise

=1, if burlap drag is used to
texture concrete surface
=0, otherwise

=1, if grooved float is used to
texture concrete surface
=0, otherwise

=1, if astro yturf and tine are used to
texture concrete surface
=0, otherwise

=1, if no subsurface drainage is
placed ‘
=0, otherwise

=1, if longiiudinal drainage is placed
=0, otherwise ‘

=1, if a cold application sealant type
=0, otherwise

=1, if an M123 (AASHTO) hot
poured elastic sealant type
=0, otherwise

=1, if an M282 (AASHTO) hot
poured for PCC sealant type
=0, otherwise

=1, if an M301 (AASHTO) hot
poured for concrete and AC
sealant type

=0, otherwise

=1, if a preformed sealant type




Climatic Site Conditions

Geographic/climatic location. Figures 9 and 10 show distribution of good, normal, and

poor sections with respect to longitude and latitude of their location, respectively.
Latitude and longitude are correlated with climatic factors such as precipitation and air
temperature. No poor section (with respect to roughness) is located west of 110°
longitude and south of 37°latitude, which corresponds to the warm-dry climate in the
southwest United States. The t-test confirmed the significance of both latitude and
longitude on IRI performance of JPCP, as shown in table 2. Specific climatic variables
that were also significant are discussed below.

Temperature factors. The following temperature parameters were considered in this
study: freezing index (FI), number of air freeze-thaw cycles (FT), mean annual
temperature (T,,,), minimum annual temperature (T,,,), maximum annual
temperature (T,,,), number of days per year with a temperature higher than 32°C
(DAYS32), and number of days per year with a temperature lower than 0°C (DAYS0).

The distribution of IRI vs. freezing index, FI, for each performance category is shown in
figure 11. It is observed that the majority of poor performing sections are located in the
areas with a freezing index of 280°C-days and higher, which corresponds to a cold
climate. Figure 12 shows the average annual FI for good, normal, and poor sections. It
shows that the average FI for poor performing sections is much higher than for normal
and good sections. The mean FI for poor sections was 717°C-days, whereas normal and
good performing sections have mean FIs of 327 and 293°C-days, respectively. The
result of the t-test (table 2) confirms the significance of this difference.

Figure 13 illustrates the effects of the annual number of air freeze-thaw cycles on IRI.
There is a clear trend showing that more annual air freeze-thaw cycles leads to higher
IRI values (rougher pavements). Figure 14 presents the mean of the mean annual
freeze-thaw cycles for good, normal, and poor sections. This plot shows the same trend:
fewer annual freeze-thaw cycles is associated with smoother pavements. The mean
number of annual air freeze-thaw cycles for poor performing sections was 92. The
mean values for normal and good performing sections were 80 and 70 cycles,
respectively. This is logical, since freezing and thawing cause or accelerate JPCP
deterioration in many ways.
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Figure 15 shows the distribution of IRI vs. DAYS32. It is observed that only one poor
performing section has DAYS32 greater than 20 days, whereas DAYS32 for good and
normal sections are almost uniformly distributed from 0 to 120 days. Figure 16
compares mean values of DAYS32 for good, normal, and poor sections. This index is
much lower for poor sections than for good and normal sections. The mean DAYS32
for good, normal, and poor performing sections were 42, 40, and 12 days, respectively.
The result of the t-test (table 2) confirms the significance of this difference.

Figure 17 shows the distribution of IRI vs. DAYS0. As expected, poor sections have
high values for DAYS0, but normal and good sections exhibit a wide variety of this
index. Also, the average DAYS0 for poor sections was 142 days, which is much higher
than for good and normal sections, as shown in figure 18. Good and normal
performing sections had mean DAYSO0 of 86 and 99 days, respectively. The result of the
t-test (table 2) confirms the significance of this difference.

Figures 19 and 20 present the distributions of IRI vs Ty, and the trends for good,
normal, and poor. The mean T,,.,, for poor, normal, and good sections were 8.4, 12.7
and 13.2°C, respectively. The result of the t-test (table 2) confirms the significance of the
differences for T,

The findings show that a large majority of poor performing sections (with respect to
IRI) are located in colder climates.

Precipitation factors. Two precipitation factors were analyzed in this study: average
annual precipitation and average number of wet days per year. No clear trend was

observed relating annual precipitation levels to IRI performance. The result of the t-test
(table 2) did not confirm the significance of this difference.

Figures 21 and 22 show trends for the average number of wet days vs. IRI. All poor
sections have an average number of wet days per year greater than 70, but several good
and normal performing pavements are located in drier zones. The average number of
Wet Days for poor pavements is also higher than those for good and normal sections.
The mean value for wet days for poor sections was 137 days, whereas the mean values
for normal and good sections were 109 and 112 days, respectively. The result of the t-
test (table 2) confirms the significance of this difference. These results indicate that the
presence of increased moisture over an extended percent of time advances JPCP
deterioration and roughness.
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Figure 22. Effect of average number of wet days on JPCP IRI performance.
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Figure 23 shows overall trends that were noted previously. Approximately 71 percent
of all sections rated as poor are located in cold-wet regions. This may be due to the wet
freeze-thaw and moisture considerations discussed earlier. Approximately 24 percent
of poor sections are located in cold-dry regions, 6 percent in warm-wet regions, and -
none in any warm-dry area. These results indicate the strong effect of climate on
pavement roughness over time.

Subgrade Site Conditions

The subgrade can be separated into fine-grained soils and coarse-grained soils. The
percent of sections rated poor, normal, and good for each soil type were computed.
Figure 24 shows that 67 percent of sections constructed over fine-grained soils had poor
IRI performance, while only 33 percent constructed over coarse soils had poor IRI
performance. The result of the chi-square test (table 3) comparing poor vs.
normal/good, however, did not show any significance.

Traffic Site Conditions

Figures 25 and 26 show the relationship between applied ESALs and IRIL. It is expected
that increased levels of traffic would clearly lead to an increase in IRI. However,
perhaps due to the confounding effects of other design parameters (e.g., slab thickness),
the result of the t-test (table 2) did not confirm the significance of this difference. Other
variables are likely confounded with ESAL level (such as structural design of the
pavement).

Design and Construction Features

Thickness. Figure 27 shows a plot of the thickness vs. IRI data. No clear trend was

-observed relating slab thickness to IRI in this data base, and the t-test did not show any
significance difference either (table 2). Initial roughness has a large effect on future
roughness, and any true effect of slab thickness may have been confounded with initial
roughness. The mean estimated initial IRT was approximately the same for thinner
slabs as for thicker slabs.

re . Plots of IRI versus the concrete modulus of elasticity and
estimated modulus of rupture at 28 days show no direct correlation between these
parameters and IRI. The result of the t-test (table 2) d1d not confirm the significance of
any difference between the two data sets.

Joint spacing. Plots of IRI with respect to joint spacing show no trend in the data. The
t-test did not show a statistical significance for this design feature. Increasing joint
spacing has been shown in past studies to somewhat increase joint faulting and greatly
increase transverse cracking, but these data show no effect on IRL.?
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Base modulus and type. Figure 28 shows that JPCP with a stabilized base layer has a
lower IRI than JPCP with a granular base layer (82 percent of poor sections had
granular base). The elastic modulus of the base was used to test the effect of the base
type. Results for base modulus were previously shown on page 17 and in figure 8.
JPCP with higher modulus base layers on average had lower IRI than JPCP with a lower
modulus. The base modulus result of the t-test (table 2) confirms the significance of this
difference.

Additional chi-square tests were conducted to compare various base types. The results
in table 3 show that significant difference occurred between granular base and
stabilized base (stabilized base lower IRI), asphalt stabilized base and all other bases
(asphalt stabilized base lower IRI), and lean concrete and all other bases (lean concrete
lower IRI). Cement-treated base did not show a significant difference with other bases.

Dowels. To investigate the effect of dowels on roughness, all JPCP sections were
divided into two groups: the sections that are younger than 10 years and the sections
that are older than 10 years. Figure 29 shows percentages of doweled sections for good,
normal, and poor performing sections for these two groups. It was observed that the
percentage of doweled sections is the same for poor, normal, and good young sections.
It suggests that dowels have little effect on roughness of young pavements. The
fraction of doweled old poor sections (18 percent) is lower than for old normal and
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poor sections (40 percent). This suggests that non-doweled sections increase in IRI
faster than doweled sections, likely due to increased rate of faulting of joints. The result
of the chi-square (table 3) did not show the significance of the difference in performance
of doweled and non-doweled JPCP sections of all ages. However, an additional chi-
square test for JPCP sections older than 10 years showed that the difference has a
moderate level of significance (p=0.10).

Drainage. Subdrainage was characterized using the modified AASHTO drainage
coefficient, C4, which reflects the pavement's ability to drain excessive moisture from
the structure. Higher C, corresponds to better drainage.?’ Table 4 shows the criteria
used to estimate C, for each LTPP section. Figure 30 shows the distribution of IRI vs.
C,. It is observed that only two poor performing sections have C,4 greater than 0.95,
whereas a significant number of good and normal sections have C; from 1 to 1.3 (which
corresponds to good drainage). There is also a clear trend in the data showing lower
IRI with higher C, (or better drainage). ‘

Figure 31 compares mean values of C,4 for good, normal, and poor sections. This index
is much lower for poor sections than for good and normal sections. The mean value of
C4 for poor sections was 0.87, whereas normal and good performing sections had mean
values of 0.99 and 1.00. The result of the t-test (table 2) confirms the significance of this
difference.

Table 4. Matrix for selection of the overall drainage coefficient, C,.®

Edge Precip‘itation Fine-Grained Soils Coarse-Grained Soils
Drains | ... Level Nonpermeable | Permeable | Nonpermeable | Permeable
Base Base Base Base
| Wet 070080 | 070080 | 080-090 | 0.90-1.00
No Dry 0.80-0.90 0.80-0.90 - 0.90-1.00 0.80-0.90
Wet 0.85-0.95 0.80-0.90 0.95-1.05 1.05-1.15
yes Dry 095105 | 110120 | 105115 | 115120
Notes 1. Fine grained = A-1 through A-3 classes

2. Coarse grained = A-4 through A-7 classes

3. Permeable base =k =300m/dayorCU<6

4. Wet climate = Precipitation > 635 mm/year

5. Dry climate = Precipitation < 635 mm/year

6. Select midpoint of range and use other drainage features to adjust upward
or downward.
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Initial as-constructed roughness. A recently completed study concluded that the initial

roughness has significant influence on future pavement roughness.®’ In this study, an
attempt was made to evaluate this conclusion using the LTPP data base. Because the
LTPP data base does not contain as-constructed initial roughness data, linear regression
was used to “backcast” an estimate of the initial as-constructed roughness. This
estimated value is called an initial roughness factor (IRF), which attempts to estimate
the initial IRI from the available time series IRI data. The following procedure, as
illustrated in figure 32, was used to determine the IRF and « (the rate of IRI increase per

year):
1. Plot IRI versus Age for each section.
2. Identify questionable observation and questionable sections (sections
where IRI decreases with time).
3. Eliminate sections with IRI data over a period of less than 2 years.
4. Run linear regression for each section to compute an initial roughness

factor, IRF, and deterioration rate, a:

IRI = IRF + o« *x AGE

where AGE is the pavement age.

(7)

2.5
201 y = 0.0649x + 1.6029
| . y = 0.0042x + 1.4558 « 273003
T _ - . Poor
% . ) B = 63030
‘ — Normal
E 1 y = 0.0028x + 1.2307 133019
0 - Good
0.5 +
0.0 = ’ : :
0 5 10 15 20 2
Age, years

Figure 32. ITllustration of IRF and o prediction procedure.
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The IRF for a JPCP section may not be exactly equal to the initial as-constructed IRI for a
pavement at time zero, IRI;. A typical pavement section experiences a short-term
period of rapid increase when first subjected to traffic loadings and environmental
conditions. The rate of increase then decreases, and data collected during this time is
used in the linear analysis.

Although IRI, and IRF may not be equal, it is believed that they are closely correlated.
Therefore, a study to determine the effects of initial pavement roughness on future
roughness was conducted using the IRF and « terms. Table 5 presents the resulting IRF
and « for 150 pavement sections from GPS-3, GPS-4, and GPS-5 experiments and

- represents the rate of increase in IRI per year. All types are combined here since there
are only limited number of sections from each type of pavement. The JPCP is separated
out afterward for illustration.

Figure 33 presents average IRFs for poor, normal, and good LTPP test sections of all
ages and pavement types. Poor sections had a mean IRF of 2.09 m/km, whereas normal
and good performing sections had mean IRFs of 1.32 and 1.15 m/km, respectively.

The same general trends are seen for the rate of IRI increase, as shown in figure 34.

Poor sections have the highest average rate of increase, 0.063 m/km/year, and good
sections have the lowest rate, 0.015 m/km/year. Normal performing sections had a
mean rate of deterioration of 0.038 m/km/year. This suggests that initial roughness
has a very strong effect on future roughness: sections built smooth on average remain
smoother, whereas sections built rougher on average will remain rough. If further
validated with additional analyses, this is an extremely important finding relative to the
justification of construction specifications, including smoothness incentives.

The rate of increase in IRI/yr. ranges widely, probably depending on site conditions
and design features. Table 5 shows examples of JPCP built very smooth but having a
rapid increase in roughness. Examples also exist of JPCP built rougher but having a
low rate of IRI increase.

This analysis was conducted using a very simplified approach to determine initial
roughness and deterioration rate characteristics. Because the accuracy of this
"backcasting" is higher for newer sections, the analysis was repeated for 70 sections that
are less than 15 years in age. Figures 35 and 36 present comparisons of average values
of IRF and deterioration slope, respectively, for all pavement types rated as young
sections as well as all sections. This comparison of young versus all sections yields
similar values of IRF and o values. These results appear to indicate that "backcasting"
the IRF may provide, on average, reasonably good estimates for both younger and
older pavements. Table 6 summarizes the results of this analysis.
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Table 5. Summary of all IRF and rate of IRI increase for all

JPCP, JRCP, and CRCP.

StateID | SHRPID | GPS | Performance mIRF,km mAlfxle‘:ar
1 3028 3 bad 2.278 0.051
5 3011 3 good 0.906 0.027
6 3010 3 good 0.982 0.020
6 3017 3 good 1.354 0.011
6 3019 3 normal 1.344 0.010
6 3021 3 good 1.317 0.005
6 3024 3 normal 1.415 - 0.002
6 3030 3 good 1.231 © 0.003
8 7776 3 normal 1.376 0.025
12 3804 3 normal 0.987 - 0.109
12 3811 3 normal 1.218 0.035
12 4057 3 good 0.686 0.018
12 4138 3 normal 1.843 0.052
13 3007 3 normal 1.722 0.007
13 3015 3 good 1.157 0.006
13 3018 3 gdod 0817 0.009
13 3019 3 normal 1.456 0.004
13 3020 3 normal 1.322 0.005
16 3017 3 normal 1.529 0.008
16 3023 3 normal 1.367 0.023
18 3002 3 normal 1.738 0.003
19 3006 3 bad 1.011 0.121
19 3009 3 normal 2.287 0.000
19 3055 3 good 1.107 0.028
23 3013 3 normal 1.693 0.023
23 3014 3 good 1.026 0.026
27 3003 3 bad 1.602 0.065
27 .~ 3013 3 normal 1.232 0.008
28 3018 3 normal 1.359 0.051
28 3019 3 normal 1.065 0.083
31 3018 3 normal 0.909 0.086

L__31 3023 3 _good 1.098 0.006
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Table 5. Summary of all IRF and rate of IRI increase for all
JPCP, JRCP, and CRCP (continued).

State ID | SHRPID | GPS | Performance mIRka mA:gH: A "
31 3033 3 normal 0.568 0.072
32 3010 3 normal 1.694 0.058
32 3013 3 normal 1.144 0.056
35 3010 3 good =~ | 1.233 0.005
37 3008 3 - normal 1.482 0.022
37 3044 3 good 1.345 10.024
37 3816 3 normal 2.006 0.010
39 - 3013 3 bad 1.980 0.090
40 3018 3 normal 1.140 0.057
40 | 4160 3 normal 1586 | - 0.011
45 3012 3 good 0.993 0.017
46 3010 3 normal 1.993 0.018
46 3012 3 bad 2.823 0.001
46 3053 3 normal 1.090 0.013
46 6600 3 normal 0.873 0.081
48 | 3003 3 normal | 1.904 0.011
49 3010 3 normal 0.519 0.084
49 3011 3 normal 0.420 0.110
49 3015 3 normal 1.942 0.006
49 7082 3 normal 0912 0.046
53 3011 3 good 1.323 0.016
53 7409 3 normal 0.846 0.057
55 3008 3 bad 2.024 0.103
55 3010 3 normal 0.128 0.150
55 3014 3 bad 3.264 0.010
55 3015 3 bad 1.787 | 0.037
55 3016 3 normal 1.245 0.006
55 3019 3 good 0.625 0.036
55 6352 3 normal ' 1.208 10.009
84 3803 3 bad 1.004 0.147
89 3002 3 bad 2.685 0.081
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Table 5. Summary of all IRF and rate of IRI increase for all
JPCP, JRCP, and CRCP (continued).

“ StateID | SHRPID | GPS | Performance mIRF,km mAlftzHAZar
89 3015 3 normal 0.669 0.122
1 4084 4 normal 0.827 0.109
5 3059 4 normal 1.142 0.043
5 3073 4 good 1.821 0.006
5 4021 4 good 1.808 0.003
5 4046 4 normal 0.859 0.065
10 4002 4 normal 2131 | 0001
20 4016 4 good 1.321 0.008

I 20 4052 4 normal 1.656 0.006
20 4053 4 normal 1.155 0.071
20 4054 4 normal 1.295 0.064
20 4063 4 normal 1.899 0.010
21 4025 4 normal 1.135 0.083
22 4001 4 good 0.029 0.086
26 4015 4 normal 1.621 0.000
27 4033 4 normal 0.721 0.057
27 4034 4 good 1.365 0.020
27 4037 4 normal 1.049 0.040
27 4040 4 normal 1.646 0.012
27 4054 4 normal 0.269 0.083
27 4055 4 good 1.144 0.000
28 4024 4 " good 0.793 0.041
29 4036 4 normal 0.959 0.047
29 5000 4 normal 1.722 0.022
29 5058 4 good 1.438 0.011

. 29 5081 4 normal 0.845 0.073
29 5091 4 good 1.481 0.006
29 5503 4 normal 0.929 0.044
31 4019 4 normal 0.460 0.090
36 4017 4 normal 1.829 0.011
36 4018 4 good 1.719 0.002
39 4031 4 good 1.602 0.017
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Table 5. Summary of all IRF and rate of IRI increase for all
JPCP, JRCP, and CRCP (continued). -

H StateID | SHRPID —GPS Performance mIRF,km mA’lfrzH’ j:ar “
42 1606 - 4 good 1.206 0.018
48 3699 4 good 0.950 0.037
48 4142 4 normal 1.691 0.017
48 4143 4 normal 1.954 0.014
48 4146 4 normal 2.103 0.005
48 4152 4 bad 2.539 0.013
54 4003 4 normal 1.404 0.022
54 4004 4 bad 2.214 0.063
5 5805 5 good 1.191 0.006

5001 5 normal 1.859 0.000
10 5004 5 good 1.080 0.007
10 5005 5 good 1.034 0.002
17 5843 5 normal 0.238 0.114
17 5854 5 normal 1.586 0.055
17 5869 5 normal 1.527 0.009
17 5908 5 good 1.975 0.002
17 9267 5 good 0.587 0.021
18 5043 5 normal 0.473 0.081
19 5046 5 - good 1.450 0.006
26 5363 5 normal 1.555 0.016
27 5076 5 good 0.410 0.021
28 5006 5 good 0.855 0.048
28 5025 5 ~ good 0.345 0.057
28 5803 5 normal 0.707 0.074
28 5805 5 good 1.303 0.001
31 5052 5 good 0.996 0.004
37 5037 5 good 1.066 0.003
39 5003 5 normal 1.037 0.012
40 4158 5 normal 0.909 -0.028
40 4166 5 good 0.870 0.010
41 5006 5 good 1.219 0.008
41 5008 5 good 0.735 0010
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Table 5. Summary of all IRF and rate of IRI increase for all
JPCP, JRCP, and CRCP (continued).

e B |
Il StateID | SHRPID _GPS Performance mIRF,km mA,l:";H, A:zar
41 5021 5 normal 0.862 0.031
41 5022 5 good 0.961 0.004
42 1598 5 good 1.584 0.006
45 5017 5 normal 1.795 0.017
46 5025 5 good 1.276 0.000
46 5040 5 good 1.409 0.024
48 3779 5 normal 1.968 0.013
48 5024 5 bad 2.315 0.021
48 5035 5 normal 1.710 0.007
48 5154 5 good 1.427 0.008
48 5274 5 good 1523 0.006
48 5278 5 good 1.655 0.000
48 5283 5 normal 1.127 0.007
48 5284 5 bad 1.765 0.076
48 5287 5 normal 1.391 0.028
48 5301 5 normal 1.557 0.009
48 5317 5 normal 1.930 0.032
48 5323 5 normal 1.738 0.003
48 5336 5 normal 1.423 0.002
51 2564 5 good 0.925 0.002
51 5010 5 normal 1.482 0.024
54 5007 5 normal 1312 0.081
55 5040 5 normal | 2.272 0.006
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Table 6. Comparison of IRF and deterioration rate for JPCP, JRCP, and CRCP pavement
types combined.

=Pm'ameter Category ﬁ Sections Young Sections
Initial Roughness Poor 2.09 2.08
IRF, mm/km
Normal 1.32 1.34
Good 115 1.05
Rate of IRI Increase Poor 0.063 0.056
o, mm/km/year ,
Normal 0.038 0.032
Good 0.015 _ 0.012

A comparison between young and all sections for JPCP is presented in figures 37 and 38
for IRF and rate of deterioration, respectively. These values are not significantly
different either. All results are summarized in table 7 for the JPCP sections. The rate of
deterioration of JPCP is a little higher than the mean of all concrete pavement types.

Table 7. Comparison of IRF and deterioration rate for JPCP.

Parameter Category N All Sections Young Sections
Initial Roughness Poor 2.05 | 1.98
IRF, mm/km
Normal 1.30 1.28
Good | 1.08 1.05
Rate of IRI increase Poor , 0.071 0.066
o, mm/km/year
Normal 0.041 0.036
Good 0.016 0.013

N
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Figure 37. Comparison of average IRF values for JPCP.
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Figure 38. Comparison of average rate of deterioration, a, for JPCP.
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Summary of IRI for JPCP

This analysis showed that there are several site conditions and design and construction
features that affect the IRI of JPCP over time and traffic. IRI is an extremely important
performance characteristic of any type of pavement because of its impact on the
traveling public.

The following site conditions were found to have either a significant effect on the IRI of
JPCP, or to show a strong trend in affecting IRI of JPCP.

Chmate Several temperature variables and one m01sture variable were found to
be related to roughness of JPCP.

o Latitude and longitude: JPCP located in the southwestern United States
were smoother.

o Freezing index: JPCP located in colder climates were rougher.

o Mean air freeze-thaw (F-T) cycles: JPCP subjected to increased F-T cycles
were rougher.

o Mean annual temperatures (minimum, mean, maximum): warmer
climates show smoother JPCP.

o Mean number of days above 32°C: JPCP in warmer chmates were
smoother.

©  Mean number of days below 0°C: JPCP in colder climates, were rougher.

o Mean number of wet days per year: JPCP with increased number of rain

~days were rougher.

Traffic: JPCP in the good IRI performance category carried much higher ESALs
than those classified as poor or normal. There was too much collinearity
between key variables to show other significance (e.g., JPCP with higher traffic
were designed to carry heavier traffic). However, ESALs are included in several
previous multivariate models that show increased ESALs increase IRI.

Subgrade: JPCP constructed on coarse-grained subgrades were smoother than
JPCP on fine-grained subgrades. Seventy-one percent of poor JPCP had a fine-
grained subgrade, but only 29 percent of JPCP constructed on course grained
soils had poor IRI performance.

The following design and construction features were found to be either statistically
significant or to have a strong trend in keeping a JPCP smoother over time:
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Base type and elastic modulus of the base course: Sections with higher base
modulus have a lower mean IRI.

JPCP with a granular base had a significantly higher IRI than JPCP with a
stabilized base.

JPCP with granular base had much larger percentage of sections in the poor IRI
performance group (82 percent) than JPCP with stabilized base (18 percent).

JPCP with asphalt stabilized base had significantly lower IRI than all other bases.
JPCP with a lean concrete base also had significantly lower IRI than other bases.
The same was not true for cement-treated bases.

Subdrainage coefficient (precipitation, permeability of base, edge drains, coarse-
grained subgrade): JPCP with higher drainage coefficients all had low IRIs
(smoother pavement). Higher drainage coefficients were the result of lower
precipitation, permeable base, edge drains, and coarse-grained subgrades.

Dowel bars at transverse joints: This design feature affects the IRl much more
after 10 years than during the first 10 years. After 10 years, JPCP with dowels
were smoother than those without dowels.

Initial roughness/smoothness of JPCP: The data analysis showed that the
average roughness of a JPCP over time depends greatly on its initial IRI. The
analysis also showed that the average rate of increase in IRI over time is higher
for those JPCP that are rated poor than for those rated good. Thus, smoother
construction results in smoother JPCP over time and traffic.

For example, a JPCP rated poor would have an initial IRI of approximately

2.09 m/km as contrasted to a JPCP rated good would have an initial IRI of
approximately 1.15m/km. The average rate of increase in IRI for poor sections is
five times higher than good sections.
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CHAPTER 5. PERFORMANCE OF JRCP IN ROUGHNESS

Previous Studies

The perfdrmance of JRCP with respect to roughness has been investigated in several
studies. The IRI predictive model developed for JRCP in the early LTPP Data Analysis
Study is as follows:®

IRI = -2.225 + 0.0134 * AGE + 0.000216 * PRECIP + 5.967 * [1/KSTATIC] + (8)
0.0132 HPCC + 0.2383 * EDGESUP
where
IRI = International Roughness Index, m/km
AGE = pavement age, years
PRECIP = mean annual precipitation, mm
KSTATIC = FWD backcalculated modulus of subgrade reaction
(divided by 2), kPA/mm
HPCC = PCC slab thickness, mm ,
EDGESUP = edge support (=1 if tied PCC shoulder; =0 otherwise)

This model predicts IRI as a function of site conditions and JRCP design features. Age
(and, of course, the associated accumulated traffic loadings) is positively correlated to
IRT; that is, an increase in age corresponds to an increase in IRI. Pavement distress that
results in increased roughness increases with aging and traffic. This model indicates
that increasing JRCP slab thickness results in increased IRI. Pavement features such as
the modulus of subgrade reaction, precipitation, and the PCC slab edge support
conditions have an influence on the IRI, although not as pronounced.

One prediction model exists for the mean panel present serviceability rating (PSR) for
JRCP. Although PSR is not the same as IRI, Al Omari and Darter showed an
approximate correlation between the two.® The following model was developed for
PSR of JRCP but did not use the LTPP data base.” Data from four States were used.

PSR = 4.5 - CESAL%? (-1.88*10 2 + 14.417 RATIO®® + 0.0399 PUMP

+0.00718 JTSPACE + 0.1146 DCRACK + 0.05903 REACTAG 9)
+ 7.48*10 5 FI + 6.42*10°° PRECIP - 0.070535 BASE)
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where

PSR = present serviceability rating (mean panel rating of ride quality)

CESAL = accumulated 80-kN ESALs, millions

RATIO = Westergaard’s edge stress/modulus of rupture

PUMP = pumping (=1 if medium or high pumping exists; 0 if no or low-
severity pumping exists) '

JTSPACE = transverse joint spacing, m

DCRACK = D-cracking (=1 if D-cracking exists; =0 for no D-cracking)

REACTAG = reactive aggregate (=1 if reactive aggregates exist; 0 if no reactive
aggregate exists)

FI = Freezing index

PRECIP = average annual precipitation, mm

BASE = base type (=1 if stabilized base; =0 if granular base)

This study showed that traffic level, stress ratio, transverse joint spacing, the presence
of aggregate durability problems, freezing index, precipitation, slab thickness, and
pumping all have an effect on the roughness characteristics of JRCP.

A recent study utilizing the LTPP data base resulted in deVeloping of the following IRI
model for JRCP.®

IRI = 1.2721 +0.00836 KESAL**PSTEEL + 0.0074 AGE" (5.78 + 0.0106 PRECIP
- 1.95 DRAIN - 3.73 SUBGTYP) (10)
where
IRI = International Roughness Index, m/km
+ KESAL = cumulative 80-kN ESALs, thousands
PSTEEL = percent steel
AGE = pavement age, years

PRECIP = average annual precipitation, mm
DRAIN = presence of edgedrain, 1 = edgedrain, 0 = no edgedrains
SUBGTYP = subgrade type, 1=coarse-grained, 0=fine-grained

This model indicates that pavement age, annual precipitation, slab thickness, and
subdrainage all have an effect on the roughness characteristics of JRCP. Increased slab
thickness also results in increased IRI, as in the first model derived from LTPP data.

Table 8 summarizes the design and site condition variables that were found to be
significant. Note that none of the models considered the initial IRI immediately after
construction. However, the initial IRI has been shown to be an important factor for
JRCP.® o |
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Table 8. Summary of the effects of site conditions and design features on IRI of JRCP.

Design Fééture l Effect on IRI Reference
Pavement age Increases * N 1,3
Subgrade k-value | ‘Decreases 1
Joint spacing Increases | 7
PCC thickness Increases 1,3
Percent Increase 3
reinforcement '
Traffic Increases 7
Stabilizéd base Decreases 7
Tied PCC shoulder Increases 1
Precipitation Increases 1,3,7
'Drainage, Cq Decreases | 3
FI ‘ Increases 7
Initial Rdughness Increases 4

*For example, as pavement age increases, IRI or roughness increases.
As the k-value increases, IRI decreases.

Performance Criteria for IRI

The following analysis evaluates site conditions and design/ construction features that
may effect roughness of JRCP as measured by the IRI extracted from the LTPP data
base. The LTPP data base contains IRI data for 65 JRCP sections and 265 observatlons
The number of observatlons per section varied from 1 to 10. .
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The data was divided into three performance categories: poor, normal, and good, based
on the IRI value corresponding to a specific pavement age. This grouping facilitated
selection of factors that contribute to good and poor performance in terms of roughness.
The differentiation between the groups was based on recommendations of an expert
panel of State highway engineers and researchers. The established limits are shown in
figure 39. A pavement was considered to be good performing (i.e., performing better
than expected) if its IRI satisfied the following condition:

IRI < 0.631 + 0.0631* AGE )
where
IRI = International Roughness Index, m/km
AGE = pavement age at the time of the IRI observation, years

The pavement section was considered to be performing poor if its IRI satisfied the
following condition:

IRI > 1.262 + 0.0947x AGE . . (12)
where
IRI = International Roughness Index, m/km
AGE = pavement age at the time of the IRI observation, years

Figure 39 shows the IRI values and corresponding time of observation for the JRCP
sections evaluated. Since the number of observations differs among the sections, the
use of all observations in the analysis may bias the results toward sections with a
higher number of observations. To avoid this, only the last observation for each section
was considered in the analysis unless stated otherwise. Figure 40 presents a plot of all
JRCP (GPS-4) sections with respect to IRI at the time of the last available observation.
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Figure 40. IRI for JRCP (last IRI observation only).
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Factors Considered for IRI

Factors affecting the IRI of JRCP may be categorized as either site conditions or design
and construction features. The factors evaluated in this study include those found to be
significant in previous studies and based on engineering experience:

» Site Conditions
o Geographic location
- Latitude
- Longitude
o Temperature factors
- Freezing Index
- Freeze-thaw cycles
- Mean annual temperature
- Minimum annual temperature
- Maximum annual temperature
- Number of days warmer than 32 °C
- Number of days colder than 0 °C
o Precipitation factors
- Average annual precipitation
- Average number of wet days/year
o Subgrade soil type
o Traffic (ESAL)

¢ Design and Construction Features
o Slab thickness ‘
o Concrete properties

- Modulus of elasticity

- Modulus of rupture

Joint spacing

Base type

Dowels

Drainage coefficient

Design steel content

Initial as-constructed roughness

Method used to texture concrete

© 0000 O0OOo

Conmtparative and Statistical Analysis of IRI

Two general types of analyses were performed: a visual comparative analysis and a
statistical analysis. Comparative analysis includes visual analysis of plots with a
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distribution of pavement sections by their performance as a function of those factors,
and a comparison of average values of those factors for different groups of pavement
sections. . The plots can be observed and the graphical results evaluated as to
significance.

Statistical analyses conducted include the bivariate t-test and in some cases
multivariate analyses to identify those site conditions and design features that
contribute to good and poor roughness performance. The JRCP section data were
partitioned into two groups based on IRI: those that fell into the good group and those
that fell into the poor/normal group (note that the poor/normal group will
subsequently be called the poor group for convenience). The normal group had to be
used in the analysis due to the limited number of sections available.

Table 9 provides a summary of all the t-values for each comparison made for
continuous variables. Table 10 provides a summary of Fisher’s exact tests for discrete
variables for IRI of JRCP. These will be referred to during the following presentation.
The significant variables at the 90 or 95 percent confidence level consist of KESAL,
AGE, HPCC, and EBASE. However, t-tests and Fisher’s exact tests are one-dimensional
and do not consider collinearity with other variables. Stated differently, the
interrelationship with other variables could be masking a variable’s true relationship
with IRI. This collinearity can only be considered through further rigorous statistical
analyses. '

In this study, two-dimensional plots of IRI with respect to various parameters were
analyzed. A comparison of the mean values of those parameters and good, normal, and -
poor sections was performed. Although the results of this analysis are of great interest
because they highlight the most significant visual trends in pavement roughness, they
must be viewed with caution since the interrelationship of the variables may have a
significant influence on the observed trends.
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where

FI = Freezing Index, °C-days - JTSPACE = Distance between slab joints, m

FT = Annual air freeze-thaw cycles SKEW = Joint skewness, m

PRECIP = Mean annual precipitation, mm PSTEEL = Percentage of reinforcement of cross-
section area

WETDAYS = Mean number of wet days KESAL = 80-kN equivalent single axle load,

: ; thousands

LONG = Longitude location, degrees HPCC = Thickness of PCC slab, mm

LAT = Latitude location, degrees MR28 = Mean 28-day modulus of rupture, kPa

TMIN = Minimum annual temperature, °C EPCC = Mean 28-day elastic modulus, MPa

TMAX = Maximum annual temperature, °C EBASE = Mean base-layer modulus of elasticity,
MPa

TMEAN = Mean annual temperature, °C C, = AASHTO drainage coefficient

DAYS32 = Annual number of days with KSTATIC

= Static elastic modulus of subgrade
temperature higher than 32°C

reaction, kPa/mm

DAYSO = Annual number of days with DOWDIAM

; = Dowel diameter, mm
temperature lower than 0°C



Table 10. Results of Fisher Exact Tests for JRCP IRI performance.

Fisher Exact
One-tailed Two-tailed Description of variable
R P p
.
DOWELS 0.737 1.000 | =1, if dowels present
=0, if no dowels
GRANBAS 0.010 0.017 | =1, if granular base present
=0, otherwise
ACBASE 0.169 0.248 | =1, if asphalt stabilized base present
=0, otherwise '
CEMBASE 0.361 0.737 | =1, if cement-treated base present
=0, otherwise
BASE 0.009 0.015 | =1, if stabilized base present
' =0, otherwise
SUBGR 0.401 0.770 | =1, if subgrade is coarse-grained soil
=0, otherwise
WWwW 0.439 0.791 | =1, if a climate is warm-wet
=0, otherwise
Cw 0.578 1.000 | =1, if a climate is cold-wet
- { =0, otherwise
TEXT1 0.003 0.004 | =1, if tine is used to texture concrete
=0, otherwise
TEXT3 0.001 0.001 | =1, if burlap drag is used to texture concrete
surface
=0, otherwise
SEAL1 0.385 0.701 | =1, cold application sealant type
=0, otherwise
SEAL3 0.347 0.536 | =1, hot poured for PCC sealant type
=0, otherwise

64




Site Conditions

‘Geographic Location, Latitude and longitude are closely related to climatic factors such
as precipitation and air temperature. No clear trend relating latitude and longitude to
IRI was found for the JRCP sections evaluated. The results of the t-test, shown in table
9, do not show latitude and longitude to be significant in affecting IRI. There were no
JRCP located in the southwestern United States, as with the JPCP sections that showed
location to be significant. Specific climatic variables that may influence IRI are
discussed below.

The following temperature parameters were considered in this
study: freezing index (FI), number of air freeze-thaw cycles (FT), mean annual
temperature (Tp,,), minimum annual temperature (T,,,), maximum annual
temperature (Ty,,,), number of days per year with a temperature higher than 32°C
(DAYS32), and number of days per year with a temperature lower than 0°C (DAYS0).
No clearly defined trends relating IRI with the temperature factors were observed. In
addition, none of these parameters was found to be 31gmf1cant in the t-test analysis
(table 9).

Precipitation Factors. Two precipitation factors were analyzed in this study: average
annual precipitation and average number of wet days per year. No clear trend was
observed relating annual precipitation levels to IRI. The results of the t-test (table 9)
also fail to show significance of this variable. However, the multivariate analysis shown
later clearly indicated that precipitation is positively correlated with IRI.

Figures 41 and 42 show the average number of wet days versus IRl. The average
number of wet days for poor pavements is higher than for good and normal sections.
The mean value of wet days for poor sections was 144 days, whereas the mean values
for normal and good sections were 130 and 126 days, respectively. This confirms the
findings and trends of previous studies which showed that the increased presence of
moisture advances pavement deterioration. The t-test, however, did not verify
significance of this difference (see table 9) because poor sections were combined with
normal. The results would be different if poor sections were analyzed versus combined
normal and good. An insufficient number of poor sections did not permit this
comparison. It should be noted that increased precipitation effects might be reduced by
pavement drainage provisions and thus the effect negated for JRCP.
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Figure 41. Average number of wet days versus IRI for JRCP.
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Subgrade Soils. The subgrade soils are differentiated as fine-grained and coarse-
grained based on AASHTO classification criteria. Figure 43 illustrates that, in general,
JRCP constructed on coarse-grained soils perform better than those constructed on fine-
grained soils. Every one of the poor performing JRCP sections evaluated was
constructed on fine-grained subgrade soil. Seventy-one percent of the normal sections
and 68 percent of the good sections were constructed on fine-grained subgrade soils.
However, the Fisher’s exact test (table 10) did not confirm the statistical significance of
subgrade soil because poor and normal sections were combined.

Traffic. Figure 44 shows the relationship between applied KESALs and IRL It is
expected that increased levels of traffic would lead to an increase in IRI. Figure 45
shows that the good pavements received more ESALs than the poor pavements.
However, due to the apparent influence of other design parameters, the t-test found no

statistical significance of this difference.

M Poor EDNormal EGood
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Figure 43. Effect of subgrade soil on JRCP performance. |
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Figure 45. Effect of cumulative traffic on JRCP performance (values shown are
in 1,000s of ESALs, 2841 = 2,841,000 ESALSs).
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Design and Construction Features

Thickness. The relationship between PCC slab thickness and IRI is shown in figure 46.
A trend exists showing increased IRI with increased JRCP slab thickness. This agrees
with the multivariate analysis that showed that PCC thickness is positively correlated
with IRI as shown by the trend in figure 46. The reason for this positive correlation is
that thicker slabs were constructed rougher than thinner slabs, as shown in the
summary. The t-test (table 9) between those sections rated good and those rated poor
did not show statistical significance for slab thickness, indicating that slab thickness for
the good group was about the same as for the poor group. Thus the trend shown in
figure 46 was caused by constructing thicker JRCP at a higher roughness.

Concrete Properties. The effect of the PCC modulus of elasticity and estimated
modulus of rupture at 28 days on IRI values were investigated in this study. No direct
correlation between these parameters and IRI was observed. The t-test (table 9) showed
no statistical significance of either of these variables.

Design Steel Content. The effect of the longitudinal reinforcing steel content versus IRI
for the JRCP sections was evaluated in this study. Comparative analysis did not show a
clear trend relating good, normal, and poor performing sections and design steel
content. The majority of the JRCP sections evaluated in this study had no data for
design steel content; therefore, a detailed statistical analysis was not possible.

[oint Spacing. No trend was observed relating joint spacing to IRI performance. The
t-test (table 9) did not confirm a statistical significance for this parameter.

Base Type. The relatlonshlp between base-layer type and poor, normal, and good
performing sections is presented in figure 47. It is observed that the poor and normal
pavement sections show no significant effect of base type. However, 82 percent of the
good performing sections (based on IRI) were constructed on granular rather than
stabilized bases. The Fisher’s exact test results, shown in table 10, did not confirm the
statistical significance of this parameter.
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Drainage. Subdrainage has previously been shown to have a significant effect on
pavement performance. In this study, the overall subdrainage of a pavement was
characterized by the drainage coefficient, C4. The drainage coefficient reflects the
pavement's ability to drain excessive moisture from the structure and the amount of
precipitation available, with a higher C, corresponding to better drainage. Figure 48
shows the relationship between IRI and C, for the JRCP sections evaluated. There
appears to be a trend showing that high C, is associated with lower IRL

- Figure 49 presents the mean values of C, for good, normal, and poor sections. The
value of C, is significantly lower for poor sections than for good and normal sections.
The mean value of C, for poor sections was 0.80, whereas normal and good performing
sections had mean values of 0.87 and 0.86, respectively. However, the t-test (table 9) did
not indicate a strong statistical significance of this variable when evaluating the good
and poor ratings. The multivariate analysis shown on pages 74 through 79 indicated
that better drainage improves the pavement performance with respect to IRI as
illustrated by the trend in figure 48.

Initial, As-Constructed Roughness. As discussed in chapter 4, a recently completed
study concluded that the initial, as-constructed roughness has significant influence on
future pavement roughness. An attempt was made, as part of the current study, to
validate this conclusion using the LTPP data base. Since the LTPP GPS data base does
not contain as-constructed initial roughness data, linear regression was used to
"backcast” an initial roughness factor (IRF). This value was used to estimate an initial
IRI based on the available time series IRI data. It was shown that backcasting of the IRF
values provides similar estimates for younger and older pavements. Young pavements
in this case are those less than 15 years old at the time of the IRI observation.

The linear analysis procedure discussed earlier was used to predict the effects of initial
IRI, as modeled with IRF, and the rate of IRI increase, «, for JRCP sections. A
comparison between young and all sections and IRF and the rate of increase of IRI are
presented in figures 50 and 51, respectively. These results are summarized in table 11
for the JRCP sections evaluated. These results show that both the initial IRF (estimate of
initial IRT) and the rate of increase of IRI over time are greater for those JRCP rated
poor. These results are very important and have far-reaching effects. They are similar
to that found for JPCP.

For example, a representative JRCP rated poor for roughness had an initial constructed
IRI of 2.38 m/km as opposed to a JRCP rated good which had an initial IRI of

1.10 m/km. The rate of increase in IRI per year was twice as high for those JRCP rated
poor as those rated good. ,
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Table 11. Comparison of IRF (estimate of initial IRT) and deterioration rate for JRCP.

Parameter JJ E;t%ory __A_}l sections Young sections
IRF, m/km Poor 2.38 2.38
Normal | 1.30 1.37
Good 1.10 1.32
o, m/km/year Poor 0.038 0.038
Normal 0.041 0.032
Good ! 0.019 0.008

Multivariate Analysis

A multivariate analysis was conducted due to the perceived large number of
interactions between design and construction features and site conditions. The overall
objective of the multivariate analysis was to identify key factors from the 29
independent variables evaluated and gain an understanding of the interrelationship of
these variables. Specific objectives included reducing the number of variables for
further evaluation and determining which combinations of variables are the most
descriptive.

Table 12 includes all of the 29 variables that were considered in the JRCP analysis. The
first seven rows were selected by a stepwise regression. The second column shows the
R-square value for the variables when regressed on these first seven variables.
DOWELS, DOWDIAM, and EPCC have small R-square values because they are not
well explained by the first seven variables. The partial correlation and the semi-partial
correlation (columns 3 and 4, respectively) are also found by regressing each variable on
the first seven variables. The residuals from this regression are regressed on the
corresponding residuals from IRI (using the seven variables) and the raw IRI
observations. A relatively large partial correlation with a small semi-partial correlation
indicates that the variable explains a unique part of the variability in IRI.
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Table 12. Redundancies, First iteration.

Variable R-square Partia} Semip art
correlation correlation
HPCC 0.203 0.340 0.263
AGE 0.112 0.324 0.248
KSTATIC 0.115 -0.326 -0.250
Cq 0.390 -0.446 -0.361
CW 0.418 -0.340 -0.262
WETDAYS 0.384 0.415 0.331
GRAN_BAS 0.516 -0.288 -0.218
FI 0.464 0.063 0.046
FT 0.651 0.032 0.023
PRECIP 0.505 -0.026 -0.019
TMEAN 0.350 -0.089 -0.065
JTSPACE 0.302 -0.110 . -0.079
SKEW 0.241 0.040 0.029
DOWDIAM 0.096 0.040 0.029
DOWELS 0.091 0.053 0.039
PSTEEL 0.231 -0.077 -0.056
KESAL 0.311 -0.089 -0.065
MR28 0.098 0.068 0.049
EPCC 0.064 -0.045 -0.032
EBASE 0.510 -0.017 -0.013
ACBASE 0.231 -0.022 -0.016
CEMBASE 0.324 0.036 0.026
BASE 0.847 -0.068 -0.049
SUBGR 0.636 0.008 0.006
WW 0.951 -0.141 -0.102
TEXT1 0.376 -0.077 -0.055
TEXT3 0.338 0.130 0.095
SEAL1 0.154 0.032 0.023
SEAL3 0.290 -0.071 -0.052

Redundancy of independent variables; DV:IRL; n=27
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Based on these initial results, nine variables were eliminated from further consideration.
For example, PSTEEL, SEAL1, and SEAL3 were missing data for many sections, had
small partial correlations, and little bivariate correlation with IRL. This resulted inn=
42. The stepwise regression was then run again on the new set of variables. The second
analysis resulted in a different set of seven primary variables (CW was replaced by
PRECIP). Table 13 shows the results of the second analysis using the 20 variables
selected.

Table 13. Redundancies, second iteration.

Variable R-square Partia_l Semipar'tial
A— correlation 1 correlation |
HPCC 0.278 0.287 0.230
AGE 0.266 0.272 0.217
KSTATIC 0.106 -0.256 -0.203
C, ' 0.281 -0.353 -0.289
PRECIP 0.386 0.128 0.099
WETDAYS 0.391 0.305 0.245
GRANBAS 0.542 -0.292 -0.234
FI 0.660 -0.015 \ -0.011
FT 0.653 -0.152 -0.117
TMEAN 0.122 0.091 0.070
JTSPACE 0.294 -0.061 -0.047
DOWDIAM 0.074 -0.014 -0.011
DOWELS 0.091 0.044 0.033
KESAL _ 0.307 . -0.058 -0.045
MR28 0.102 0.037 0.028
EPCC 0.073 -0.046 -0.035
CEMBASE 0.321 0.057 0.044
BASE 0.846 0.006 0.005
TEXT1 0.367 -0.024] -0.018
| TEXT3 0.304 ‘ 0.049 0.038

Redundancy of independent variables; DV: IRI
R-square column contains R-square of respective
variable with all other independent variables; n = 42
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The correlations between these 20 variables and IRI were examined. Table 14 shows
that FI, FT, PRECIP, TMEAN, KESAL, AGE, HPCC, KSTATIC, and GRANBAS are all
strongly correlated with IRL. A p value less than 0.05 indicates a strong correlation
based on the established criteria.

_;l“able 14. Correlation matrix_.

|___Variable | IR
FI -0.4590
p=0.003
FT -0.5107
| p=0.001
PRECIP 0.5307
p=0.001
WETDAYS -0.0481
p=0.771
TMEAN 0.5486
p=0.000
JTSPACE 0.1892
p=0.249 »
DOWDIAM -0.0994 "
=0.547
DOWELS -0.1382
p=0.402
KESAL 0.3357
p=0.037
AGE 0.3081
p=0.056
HPCC 03041
p=0.060
MR28 | 0.4008
p=0.011
EPCC 0.1546
p=0.347
C, -0.0414
p=0.803
KSTATIC -0.1960
p=0.232
GRANBAS -0.2678
, p=0.099
CEMBASE 0.1721
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Table 14. Correlation matrix (continued).

[ Variable |
|l——Yariable | __IRI |
GRAN -0.2580
p=0.113
TEXT1 0.1799
p=0.273
TEXT3 - -0.1558
_p=0344 |

n=39 (Casewise deletion of missing data)

Based on a lack of correlation with IRI and the relatively small partial correlations, FI,
TMEAN, JTSPACE, DOWELDIA, DOWELS, KESAL, MR28, EPCC, CEMBASE, BASE,
and TEXT3 were eliminated from further analysis. The remaining nine variables were

analyzed again using a stepwise regression to compare the corresponding partial and
semi-partial correlations.

The results of the third stepwise regression analysis are shown in table 15. These results
indicate that a predictive model based on stepwise regression is reasonable.

Table 15. Redundancies, third iteration.

Variable Toleran. I R-square Co I;?erltzilon cier?:g ?il:n
HPCC ‘ 0.818 0.182 0.330 0.288
KSTATIC 0.925 0.075 -0.260 -0.222
C, 0.935 0.065 -0.316 -0.275
PRECIP 0.796 0.204 0.309 0.268
FT 0.464 0.536 -0.102 -0.084
WETDAYS 0.863 0.137 0.158 0.138
AGE 0.826 0.174 0.176 0.145
GRANBAS 0.704 0.296 -0.091 -0.075
TEXT1 0.922 0.078 -0.022 -0.018

Redundancy of independent variables; DV: IRI
R-square column contains R-square of respective
variable with all other independent variables; n = 42
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The regression summary presented in table 16 provides insight into the interrelations of
the variables analyzed (regressors). The Cook's distances were relatively small for all

residuals. The coefficients for HPCC, KSTATIC, and C,4 appeared as though they would
not be affected by influential points. ’

Table 16. Regression summary.

BETA | ShOM B L vy | plever | VR
Intercpt 067100 | 073183 | 0918 | 0364
HPCC 0.319 0133 | 000706 | 000205 | 2397 |  0.021 65
KSTATIC | -0.231 0125 | -0.00477 | 261800 | -1845| 0071 53
C, 0,284 0124 | 099420 | 043500 | -2284|  0.027 65
PRECIP 0.300 0135 | 000055 | 000025 | 2227 0031 64

Regression summary for dependent variable: IR[; n = 52
R= 0.56514641 R*= 0.31939047 Adjusted R*= 0.26146626
F(4,47)=5.5139 p<0.00101 Std. Error of estimate: 24.046

The model presented in table 16 is useful for examining the way in which the variables
interrelate. However, this is not a validated model obtained from a previous data set or
a hypothesis. This model was developed solely from the data analyzed in this study;
therefore, the statistics can only be interpreted in a descriptive or exploratory manner.
The model has an adjusted R-square value of 0.261 and a highly significant F-ratio. The
significant F-ratio indicates that the model is far more useful for estimating IRI than the
sample mean of IRL. |

The model coefficients estimate the effects of the four designated variables on IRI
averaged over changes in the other regressors. An increase in HPCC or PRECIP is
associated with an average increase in IRL. Increases in C; or KSTATIC are associated
with decreases in IRI. All of these average effects make sense physically except the slab
thickness, HPCC. This can only be explained by the possibility that thicker slabs were
constructed with a higher IRI. A regression was made between the IRF (estimated
initial IRT) and JRCP slab thickness. A positive significant correlation was obtained,
indicating that thicker JRCP were built rougher than thinner JRCP.
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Summary of IRI Findings for JRCP

The JRCP sections were evaluated both comparatively and statistically using the t-test
and multivariate linear regression. The results of the comparative analysis and t-test
comparisons were misleading in some instances due to the influence of other variables
on the variable being analyzed. One factor undoubtedly causing significant problems
in the data analysis is the initial IRI after construction. This value appears to vary
widely and has a long-term effect on IRI. Another example is the drainage coefficient,
which is highly influenced by many variables, including material characteristics,
precipitation, pavement structure, subgrade soil type, and edge drains.

All JRCP rated as poor were constructed on a fine-grained subgrade. No JRCP rated as
poor was constructed on a course-grained subgrade. Although the designer usually
does not select the type of subgrade, where poor subgrade soils exist, the specification
of a thick granular layer may be beneficial.

Given all of the analysis performed, the following factors were found to have the
greatest influence on IRL:

° Initial roughness/smoothness of JRCP: The data analysis showed that the
roughness of a JRCP over time depends greatly on its initial IRI. The analysis
also showed that the rate of increase in IRI over time is higher for those JRCP
that are rated poor as compared to those rated good. These are very important
findings for JRCP.

® Traffic: JRCP in good IRI performance category carried much higher ESALSs than
those in the poor or normal groups. Too much collinearity existed between key
variables to show other significance (i.e., JRCP with higher traffic were designed
to carry heavier traffic). Previous multivariate models have shown, however,
that increased ESALs increase IRI.

. Multivariate analysis: The effect of these variables (except initial roughness,
which could not be backcasted for all sections and thus is not included here) is
shown in the following equation:

IRI =0. 671 + 0.00706* HPCC - 0.00477 * KSTATIC - 0.9942 * C, + 0.000551 * PRECIP (13)
This model for IRI (m/km) has a relatively low R-squared value, which would be
expected given the nonconsideration of the initial IRI value and the

interrelationship of the parameters evaluated. The variables contained in the IRI
model substantially agree with other studies conducted with the LTPP data base.
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AASHTO drainage coefficient (C,). The drainage coefficient reflects the
pavement's ability to drain excessive moisture from the structure, with a
higher C, corresponding to better drainage. JRCP having a high C, are
smoother over time than those with a low C,,.

Modulus of subgrade reaction (KSTATIC). JRCP with higher k-value
on average have lower IRI, as shown by the multivariate analysis. The
subgrade k-value may be correlated with soil type in that granular soils
typically have a higher k-value. The comparative analysis indicated that
JRCP constructed on coarse-grained soils perform better than those
constructed on fine-grained soils, since every one of the poor performing
JRCP sections was constructed on a fine-grained subgrade soil.

PCC slab thickness (HPCC). The thicker the JRCP slab, the rougher the
pavement. This of course goes against mechanistic theory. However, the
reason for this was determined to be that thicker JRCP slabs were built to
a much higher initial roughness level. The mean IRF (estimated initial

- IRI) for 200- to 230-mm JRCP slabs was 1.23 m/km, but the mean IRF for
250- to 300-mm JRCP was 1.56 m/km. The initial roughness strongly
affects the future IRI over many years to come.

Average annual precipitation (PRECIP). JRCP located in areas having a
greater annual precipitation or number of wet days have a higher IRL
The C4 also includes some effects of precipitation. Therefore,
precipitation has quite a strong influence on IRI of JRCP.

81







CHAPTER 6. PERFORMANCE OF CRCP IN ROUGHNESS

Previous Studies

Performance of CRCP with respect to roughness has been investigated in several
studies. An IRI model was developed in the early LTPP Data Analysis Study.® The
model developed for CRCP is as follows:

IRI = 4.135 + 0.0232 CESAL - 0.00182 HPCC - 3.666 PSTEEL (14)
- 0.4703 WIDENED - 0.2652 SUBGRADE
where
IRI = International Roughness Index, m/km
CESAL = cumulative ESALs, millions
PSTEEL = percentage of longitudinal reinforcement steel
HPCC = PCC slab thickness, mm
WIDENED = 1= widened traffic lane, 0 = normal width traffic lane
SUBGRADE = 1 = coarse-grained (AASHTO A-1, A-2, or A-3)

0 = fine-grained (AASHTO A-4, A-5, A-6, or A-7)

This model predicts IRI as a function of site conditions and pavement design features.
No climatic variables were found to be sufficiently significant to be included in this
model. PSTEEL is inversely correlated to IRI; that is, an increase in the amount of steel
reinforcement corresponds to a decrease in IRL. This is explainable because the function
of reinforcing steel is to hold transverse cracks tightly together which reduces the
number of punchouts and deterioration of the cracks. Also, pavement features such as
CESAL, slab thickness, widened vs. normal-width lane, and the subgrade type have an
influence on the predicted IRI. Also, the form of the model provides for an increase in
IRI with time (age and cumulative traffic loadings).

A recent study utilizing the LTPP data base developed the following IRI model for
CRCP as a function of site conditions and design features:®

IR = 1.118 + 0.0158 KESAL"*(0.9 - 0.62PSTEEL) + 0.0158 AGE** (0.2 DAYS32 (15)
- 3.45 DRY + 18.6 FREEZE - 0.0294 KSTATIC+7.62)
where
IRI = International Roughness Index, m/km
KESAL = cumulative 80-kN equivalent single axle loads, thousands
PSTEEL = percent steel
AGE = pavement age, years
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DRY = LTPP climatic zone, 1 = dry climate, 0 = wet climate

FREEZE LTPP climatic zone, 1 = freezing climate, 0 = nonfreezing climate
KSTATIC = modulus of subgrade reaction, kPa/mm

DAYS32 = annual number of days with temperature higher than 32°C

A national pooled-fund study administered by the Federal Highway Administration
was conducted on 23 inservice CRCPs to study the effects of various design and
construction features on the performance of CRCPs.%> The attributes studied included:

+ Design thickness - ranging from 200 to 330 mm

« Epoxy coated reinforcement - three sections

« Permeable base - two sections

¢ Age-ranging from 0.3 to 22 years

+ Subgrade - both coarse- and fine-grained soils

« Base - lean concrete, cement treated, asphalt treated, and granular
« Steel amount - 0.45 to 0.7 percent

+ Steel placement - tube-fed and chairs

» Shoulder type - asphalt and tied concrete

¢ Climatic region - wet-freeze and wet-no freeze

This study determined that there was a trend of increasing IRI with increasing age.
This is expected because pavements become rougher as they get older.

Studies on CRCP performance on the Illinois Interstate highway system for localized
failures (punchouts) has shown that steel percentage, slab thickness, and ESALs were
the most significant variables. Increased steel percentage and increased slab thickness
reduced the development of localized failures."? Localized failures of course cause
serious roughness problems if they are not repaired immediately.

Table 17 summarizes the site conditions and design features that were included in these
studies. The general effect of each parameter on roughness is shown. Note that the
effects of initial IRI after construction were not directly included in these studies. A
recent major research study determined that the future roughness of a pavement was
highly dependent on its initial as-constructed roughness. Prediction models for many
projects, including CRCP, were developed relating initial IRI to future IRL.?
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Table 17. Summary of the effects of CRCP site conditions and design features on IRI.

Design Feature _ Effect on IRI Reference

Pavement age Increases * 1,3,15

Traffic | Increases 1, 10 (localized failures)
Wet days Increases v 3

Days above 32°C Increases 3

Coarse subgrade Decreases 1

Widened lane | Decreases 1

Amount of steel Decreases 1, 10 (localized failures)
PCC thickness Decreases 1, 10 (localized failures)
k-value Decreases 1

Drainage, Cy4 Decreases 3

Initial roughness ' Increases 4

* For example, as pavement age increases, IRI or roughness increase. As amount of reinforcing steel
increases, IRI decreases. ‘

Performance Criteria for IRI

This section presents an analysis of the factors that lead to roughness of CRCP based on
the IRI measurements from the LTPP data base. The version of the LTPP data base
analyzed in this study contains IRI data for 83 CRCP sections. The total number of
observations is 345. For some sections, time series data contain up to 10 observations
made over 5 years. Other sections have only one performance record in the data base.

The data was divided into three performance categories: poor, normal, and good, based
on IRI and pavement age as previously described. This grouping was done to facilitate
the analysis of identifying features that contribute to good and poor roughness
performance. This grouping was established based on the experience of a group of
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State highway engineers. The limits that were set are shown in figure 52. The
pavement section was considered good (i.e., performing better than expected) if its IRI
satisfied the following condition:

IRI > 0.631 + 0.0631 * AGE (16)
where
IRI = International Roughness Index, m/km
AGE = pavement age at the time of the IRI observation, years

The pavement section was considered poor if its IRI satisfied the following condition:

IRI > 1.262 + 0.094.7+« AGE (17)
where
IRI = International Roughness Index, m/km
AGE = pavement age at the time of the IRI observation, years

Figure 52 presents a plot of all IRI observations for the LTPP CRCP sections and shows
designation of those sections by their performance at the time of observations. Because
the number of observations differs among the sections, the use of all these observation
in the subsequent analysis may make it biased toward the sections with a higher
number of observations. To avoid this, only the last observation for each section was
considered in the analysis if not stated otherwise. Figure 53 presents a plot of all CRCP
(GPS-5) sections with respect to IRI at the time of the last available observation.

Only two of the CRCP sections studied fall into the poor performance category.
Because this is not enough data for a comprehensive analysis, the poor and normal
performing sections were combined. For convenience, this group will be referred to as
the poor group. The distribution of percent CRCP sections with respect to performance
category is shown in figure 54. Most sections in this study fell into the category good.
The good performing sections account for 54 percent of all sections, and poor and
normal sections combined make up the remaining 46 percent of the sections.
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Figure 52. IRI for CRCP including all time-series data.
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Figure 53. IRI for CRCP (last IRI observation only).
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Figure 54. Distribution of sections for CRCP.

Factors Considered for IRI

The general types of factors affecting the IRI of CRCP include site conditions, design
features, and construction quality. The factors studied in this analysis include those found
to be significant from previous studies and engineering judgment:

¢ Site Conditions

o Geographic/climatic location
- Latitude
- Longitude

o Temperature factors
- Freezing index
- Freeze-thaw cycles
- Mean annual temperature
- Minimum annual temperature
- Maximum annual temperature
- Number of days warmer than 32°C
- Number of days colder than 0°C
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o Precipitation factors
- Average annual precipitation
- Average number of wet days per year
o Subgrade soil
o Traffic (ESAL)

e Design and Construction Features
o Slab thickness
o Concrete properties

- Modulus of elasticity

- Modulus of rupture

Steel content

Base type

Drainage

Initial as-constructed roughness

Method used to texture concrete

© 00 O0O0

Comparative and Statistical Analysis of IRI

Two general types of analysis were performed: a visual comparative analysis and a
statistical analysis. Comparative analysis includes visual analysis of plots with a
distribution of pavement sections by their performance as a function of those factors,
and a comparison of average values of those factors for different groups of pavement
sections. The plots can be studled for trends

Statistical analyses conducted include the t-test and, in some cases, multiple regression
analyses to identify those site conditions and design features that contribute to good
and poor roughness performance. The t-test was used to compare the mean of each
variable in the good group to its mean in the poor group. The test works by taking the
ratio of the difference between two group means relative to an appropriate estimate of
the standard deviation for this difference. If this ratio is large, then the group means
differ a great deal for data with this much variability. Hence, it would be concluded
that this difference is due to something other than chance. If this ratio is small, then we
conclude that the difference could be due to chance—the analysis cannot be confident
that the difference is a real one. Table 18 provides a summary of all the t-values for
each comparison made for continuous variables. Table 19 provides a summary of
Fisher’s exact tests for discrete variables for IRI of JRCP.
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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>